Galectin-8, a beta-galactoside-binding lectin, is upregulated in the gastric tissues of rhesus macaques infected with Helicobacter pylori. In this study, we found that H. pylori infection triggers intracellular galectin-8 aggregation in human-derived AGS gastric epithelial cells, and that these aggregates colocalize with lysosomes. Notably, this aggregation is markedly reduced following the attenuation of host O-glycan processing. This indicates that H. pylori infection induces lysosomal damage, which in turn results in the accumulation of cytosolic galectin-8 around damaged lysosomes through the recognition of exposed vacuolar host O-glycans. H. pylori-induced galectin-8 aggregates also colocalize with autophagosomes, and galectin-8 ablation reduces the activation of autophagy by H. pylori. This suggests that galectin-8 aggregates may enhance autophagy activity in infected cells. We also observed that both autophagy and NDP52, an autophagy adapter, contribute to the augmentation of galectin-8 aggregation by H. pylori. Additionally, vacuolating cytotoxin A, a secreted H. pylori cytotoxin, may contribute to the increased galectin-8 aggregation and elevated autophagy response in infected cells. Collectively, these results suggest that H. pylori promotes intracellular galectin-8 aggregation, and that galectin-8 aggregation and autophagy may reciprocally regulate each other during infection.
Introduction
Helicobacter pylori is a Gram-negative, flagellated, microaerophilic bacterium mainly found in the stomach. Notably, at least half of the world's population is colonized by this microorganism. Infection by H. pylori is known to cause gastritis, and some infected individuals may develop peptic ulcers and gastric adenocarcinoma (Atherton 2006) . The differences in these clinical outcomes are likely associated with bacterial virulence factors, host genetic factors, and the interplay between host and bacteria (Figueiredo et al. 2002; Izzotti et al. 2007; Jones et al. 2010) . The best characterized H. pylori virulence factors are cytotoxin-associated gene A (CagA) and vacuolating cytotoxin A (VacA) (Jones et al. 2010) . CagA is translocated into the cytoplasm of gastric epithelial cells through the type IV secretion system after H. pylori attachment (Backert et al. 2000; Odenbreit et al. 2000) . Once being delivered into the cytosol, CagA exerts multiple effects in host cells, including enhancement of cell migration and proinflammatory cytokine production, as well as disruption of cell polarity (Jones et al. 2010 ). VacA is secreted by H. pylori and characterized by its ability to induce large vacuole formation in host cells with an as yet unidentified purpose (de Bernard et al. 1997) . VacA also mediates apoptosis by targeting mitochondria and inducing cytochrome c release (Palframan et al. 2012) .
Autophagy is important for maintaining cellular homeostasis under different stress conditions, such as cell starvation and damage of cytosolic organelles (Mizushima 2007; Filomeni et al. 2015) . Autophagy is initiated by the formation of an isolation membrane or phagophore, which elongates and sequesters cytoplasmic materials to form vesicles called autophagosomes (Kaur and Debnath 2015) . Complete autophagosome formation requires atg5-atg12 conjugation as well as LC3 modification (Yang and Klionsky 2010; Walczak and Martens 2013; Kaur and Debnath 2015) . Autophagosomes fuse with lysosomes to form autolysosomes, followed by digestion of the luminal components by lysosomal hydrolases (Kaur and Debnath 2015) . In addition to maintaining cellular homeostasis, autophagy regulates innate immunity against intracellular bacteria. When cells are confronted with invasive pathogens, the pathogens are recognized by innate immune receptors, such as Toll-like receptors, to activate autophagy in order to eliminate these microorganisms (Delgado et al. 2009; Deretic et al. 2013) . While H. pylori is an extracellular bacterium, it also triggers an autophagic response in gastric epithelial cells (Terebiznik et al. 2009 ). Among the virulence factors of H. pylori, VacA cytotoxin is critical for elevating autophagy activity in host cells upon infection (Terebiznik et al. 2009; Kim et al. 2018) .
Lysosomes are membrane-enclosed organelles found in eukaryotic cells. They contain numerous hydrolytic enzymes to degrade a variety of biomolecules for recycling and eliminate microorganisms internalized into host cells. Upon lysosomal damage, lysosomal contents may leak into the cytosol to induce apoptosis (Aits and Jaattela 2013) . A panel of distinct agents can trigger lysosomal disruption, including lysosomotropic detergents, reactive oxygen species (ROS), viral proteins, and bacterial/fungal toxins (Aits and Jaattela 2013) . As for H. pylori, it remains undetermined whether infection by this bacterium alters lysosomal integrity in host cells.
Galectins are a family of animal lectins that bind to betagalactoside-containing glycoconjugates through their carbohydraterecognition domain(s) (Barondes et al. 1994) . They have been linked to a wide variety of biological functions involved in physiological and pathological processes (Liu et al. 2012) . Notably, owing to their carbohydrate-binding capacity and presence in the cytosol, galectins are now well-recognized as intracellular sensors of vacuole lysis. Once being internalized into host cells, some invasive bacteria, such as Salmonella typhimurium and Listeria monocytogenes, can disrupt vacuoles that they are initially confined in. This leads to the exposure of vacuolar luminal glycans to the cytosol and the subsequent binding of cytosolic galectins to the exposed glycans, resulting in the formation of intracellular galectin aggregates (Paz et al. 2010; Thurston et al. 2012) . Galectin-1 can detect lysosomal rupture, whereas galectin-3, -8 and -9 can sense damage to endosomes or lysosomes (Thurston et al. 2012; Weng et al. 2018) . Galectin-8 has been shown to promote autophagic clearance of bacteria-containing intracellular vesicles through the recruitment of NDP52, an autophagy adapter (Thurston et al. 2012) . Therefore, galectin-8 serves as a danger receptor to defend against bacterial invasion by monitoring the integrity of endocytic vesicles.
Galectin-8 mRNA expression is elevated in gastric tissues of rhesus macaques infected with H. pylori (Huff et al. 2004) . The current study aimed to investigate the role of galectin-8 in gastric epithelial cells upon exposure to H. pylori. We observed an increase in intracellular galectin-8 aggregation in H. pylori-infected gastric epithelial cells, which was attributable to lysosomal destruction by H. pylori and dependent on host O-glycans. Furthermore, the functional role of galectin-8 in H. pylori-mediated autophagy in gastric epithelial cells was investigated. H. pylori-induced galectin-8 aggregates colocalized with autophagosomes, and galectin-8 depletion downregulated H. pylori-driven autophagy activation. We also demonstrated that autophagy contributed to the increase in galectin-8 aggregation after infection. Therefore, H. pylori-induced galectin-8 aggregation and autophagy reciprocally regulate each other during H. pylori infection.
Results

H. pylori infection promotes intracellular galectin-8 aggregation in AGS gastric epithelial cells
In AGS human gastric epithelial cells, we observed an increase in galectin-8 mRNA extent after infection with H. pylori for 24 h ( Figure 1A) . However, at the protein level, galectin-8 was mildly downregulated at this time point postinfection ( Figure 1B ). Shiga toxin produced by enterohemorrhagic Escherichia coli was reported to cause galectin-3 depletion in intestinal epithelial cells by increasing galectin-3 secretion (Laiko et al. 2010) . H. pylori exposure enhanced galectin-8 release from AGS cells (Supplementary data, Figure S1A ), thus possibly contributing to reduced galectin-8 in infected cells. Galectin-3 is known to be capable of associating with H. pylori (Fowler et al. 2006 ), and we demonstrated a similar functional ability of galectin-8 to bind H. pylori (Supplementary data, Figure S1B ).
We also employed immunofluorescence microscopy to examine galectin-8 in AGS cells before and after incubation with H. pylori. Limited intracellular galectin-8 aggregates were observed in some uninfected cells, whilst H. pylori facilitated this aggregation phenomenon ( Figure 1C) . A time-course experiment was conducted to examine temporal changes in galectin-8 aggregation in infected cells. AGS cells were treated with H. pylori for 2, 5 or 8 h or left untreated, and the average number of galectin-8 aggregates per cell was determined after microscopic analysis. As revealed in Figure 1D and E, there was a gradual increase in galectin-8 aggregation during this 8-h infection period. Additionally, the effect of multiplicity of infection (moi) on H. pylori-induced galectin-8 aggregation was examined. Infection with different doses of H. pylori revealed a positive correlation between galectin-8 aggregation and bacterial moi ( Figure 1F and G). The results suggest the extent of intracellular galectin-8 aggregation reflects the severity of infection in host cells.
H. pylori-induced intracellular galectin-8 aggregation is related to enhanced lysosomal damage Next, we determined whether H. pylori-induced galectin-8 aggregates colocalize with endocytic vesicles, including endosomes and lysosomes. These aggregates demonstrated a more pronounced colocalization with LAMP1-positive lysosomes than with EEA1-positive endosomes in infected cells (Figure 2A ). Because galectin-8 is a marker of vacuolar rupture (Thurston et al. 2012; Jia et al. 2018 ), this observation indicates that H. pylori infection may induce lysosomal disruption in gastric epithelial cells. To confirm this, we monitored cytosolic cathepsin B activity in infected cells. Lysosomal damage induces cathepsin proteases to translocate from lysosomes to the cytosol, leading to an increase in cytosolic cathepsins (Boya and Kroemer 2008) . Cytosolic cathepsin B activity was augmented after H. pylori challenge ( Figure 2B ), implying increased lysosomal injury in H. pylori-infected cells. Therefore, H. pylori-mediated galectin-8 aggregation may be related to augmented lysosomal damage.
Host O-glycans are crucial for H. pylori-induced galectin-8 aggregation (G) Quantitative analysis of galectin-8 puncta per cell from three independent experiments as described in (F). For each experiment, at least 100 cells were counted for each condition. Values represent means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Hp, H. pylori; ns, not significant; moi, multiplicity of infection.
assessed whether H. pylori-elicited galectin-8 aggregates are formed in a similar way. 1-deoxymannojirimycin (DMJ) and benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (BGN) were utilized to disrupt the biosynthesis of host N-and O-glycans, respectively. DMJ, a mannosidase I inhibitor, blocks host N-glycan maturation and thereby reduces L-phytohemagglutinin (PHA-L) lectin binding to . Scale bar, 5 μm. 11.17% of galectin-8 puncta exhibited EEA1 staining signal, whereas 77.68% of galectin-8 puncta showed LAMP1 staining signal. For each double staining, 20 images were collected, and more than 530 galectin-8 puncta were analyzed. (B) Relative cathepsin B activity in cytosolic extracts isolated from cells infected with H. pylori 26695 (moi = 400) for 16 h. Data represent the means ± SD of three independent experiments. (C) Cells were treated with 1 mM DMJ or 10 mM BGN for 24 h, stained with fluorescein isothiocyanate (FITC)-labeled recombinant human galectin-8, and then analyzed by flow cytometry. The representative image and geometric mean fluorescence intensity are shown on the left and right, respectively. (D) Cells were pretreated with indicated drugs as described in (C) and infected with H. pylori 26695 (moi = 200) for additional 8 h. Cells and bacteria were then stained as in Figure 1C . "Zoom" depicts a magnified picture of the boxed region. Scale bar, 20 μm. *P < 0.05. EEA1, early endosome antigen 1; LAMP1, lysosomal-associated membrane protein 1; Hp, H. pylori; DMJ, 1-deoxymannojirimycin; BGN, benzyl 2-acetamido-2-deoxy-α-Dgalactopyranoside.
treated cells (Bagriacik et al. 1996) . BGN disturbs host O-glycan biosynthesis via abolishing GalNAc-O-Ser/Thr elongation and consequently enhances Peanut agglutinin (PNA) lectin binding signal on treated cells (Suzuki and Abe 2014) . First, we confirmed that each drug could attenuate host glycan processing by demonstrating a decrease or increase in cell-surface glycans recognized by PHA-L and PNA lectins, respectively (Supplementary data, Figure S2 ). In addition, the binding of recombinant galectin-8 to drug-treated cells was also analyzed, and the levels of cell-surface glycans recognized by galectin-8 were markedly decreased in BGN-but not DMJincubated cells ( Figure 2C ). We then pretreated cells with DMJ or BGN for 24 h, followed by incubation with H. pylori for an additional 8 h. Microscopic analysis revealed that treatment with BGN rather than DMJ profoundly reduced H. pylori-mediated galectin-8 aggregation in infected cells ( Figure 2D ). These observations suggest that galectin-8 aggregation is dependent on host O-glycans, and support the idea that galectin-8 aggregates in H. pylori-infected cells develop following the recognition of lysosomal damage. Therefore, H. pylori infection promotes lysosomal damage in host cells, thereby facilitating the access of cytosolic galectin-8 to glycans initially confined in the lysosomal lumen, to form aggregates.
Galectin-8 upregulates autophagy response in H. pylori-infected cells
Galectin-8 aggregates induced by vacuolar damage were known to enhance autophagy activation during bacterial invasion (Thurston et al. 2012) . We observed that H. pylori-induced galectin-8 aggregates colocalized with autophagosomes (indicated by the presence of LC3) and NDP52, an autophagy receptor ( Figure 3A) . We thus suspected that galectin-8 might regulate H. pylori-mediated autophagy in infected cells. To address this, galectin-8 knockdown cells were generated by lentiviral-mediated shRNA transduction ( Figure 3B ). Cellular autophagy activity was determined by analyzing LC3-II levels in bafilomycin A1 (an autophagosome-lysosome fusion inhibitor)-treated cells via immunoblotting. Galectin-8 depletion attenuated H. pylori-induced increase in LC3-II levels after infection ( Figure 3C and D) , suggesting a role of galectin-8 in upregulating the cellular autophagy response during H. pylori coculture.
Autophagy enhances galectin-8 aggregation in H. pylori-infected cells
Under some situations, autophagy can mediate lysosomal destruction (Gonzalez et al. 2012; Wang et al. 2015; Hernandez-Tiedra et al. 2016; Yao et al. 2016; Liu et al. 2017; Wu et al. 2017) . Therefore, we investigated whether autophagy contributes to galectin-8 aggregation during H. pylori infection. Autophagy inhibition by 3-methyladenine (3-MA) treatment suppressed H. pylorimediated galectin-8 aggregation ( Figure 4A and B), implying that autophagy can expedite galectin-8 aggregation during H. pylori infection. To confirm this, atg5-knockout AGS cells were generated using CRISPR/Cas9 ( Figure 4C ). We found atg5-knockout cells (#7 and #12) exhibited lower levels of galectin-8 aggregation compared with atg5-expressing cells (#8 and #11) after exposure to H. pylori ( Figure 4D and E). This reinforces the observation that autophagy contributes to H. pylori-mediated galectin-8 aggregation. These results, together with those supporting a role for galectin-8 aggregates in H. pylori-mediated autophagy ( Figure 3C and D) , indicate a reciprocal regulation loop between galectin-8 aggregation and autophagy during H. pylori infection.
NDP52 knockdown reduces H. pylori-mediated galectin-8 aggregation NDP52 mediates autophagy activation in response to endomembrane damage (Thurston et al. 2012; Falcon et al. 2018) . Since autophagy potentiates H. pylori-induced galectin-8 aggregation ( Figure 4B and D) , we speculated that NDP52 may be involved in this process. To address this, NDP52-knockdown cells were generated ( Figure 5A ); these cells presented lower levels of galectin-8 aggregation compared with control cells after infection ( Figure 5B and C) , indicating a role for NDP52 in the promotion of galectin-8 aggregation in infected cells. These results suggest that autophagy may induce H. pylori-mediated galectin-8 aggregation, at least in part, via NDP52.
VacA cytotoxin contributes to H. pylori-induced galectin-8 aggregation and autophagy upregulation
Based on the observation that intracellular galectin-8 aggregation is elevated in response to infection by H. pylori 26695 ( Figure 1E ), we investigated whether this phenomenon occurs in cells exposed to other strains of H. pylori. Infection with another H. pylori strain, NCTC 11637, resulted in an increase in intracellular galectin-8 aggregation, and this effect was also diminished upon treatment with 3-MA ( Figure 6A ), which is consistent with our finding that autophagy upregulates galectin-8 aggregation in cells challenged by H. pylori 26695 (Figure 4B and D) . VacA activates autophagy in gastric epithelial cells (Terebiznik et al. 2009 ). VacA deficiency in H. pylori strain NCTC 11637 reduced the increase in both LC3-II levels ( Figure 6B ) and intracellular galectin-8 aggregation ( Figure 6C and D) upon infection. These results indicate that VacA contributes to H. pylori-mediated galectin-8 aggregation in a manner that is associated with autophagy upregulation.
Discussion
A novel finding of our study was that H. pylori infection triggers intracellular galectin-8 aggregation, which is dependent on host O-glycans and is associated with lysosomes. We hypothesize that H. pylori infection induces lysosomal damage in gastric epithelial cells, leading to the exposure of host glycans that are normally present in the lumen. We found that galectin-8 aggregation is dependent on autophagy, because it was diminished when autophagy was inhibited and when the expression of the autophagy adapter NDP52 was suppressed. Since we also showed that H. pylori-induced autophagy was dependent on the presence of galectin-8, our findings indicate the reciprocal regulation of galectin-8 aggregation and autophagy during infection. Finally, we found that VacA contributes to both increased autophagy and increased galectin-8 aggregation in infected cells, suggesting that this cytotoxin is the driving force for these two processes induced by H. pylori.
Galectins are cytosolic proteins, but can be secreted through an unknown mechanism (Hughes 1999); they exhibit both intracellular and extracellular functions. In recent years, cytosolic galectins have been shown to sense vacuole lysis via the detection of host glycans (Paz et al. 2010; Thurston et al. 2012) . In those studies, intracellular bacteria, such as S. typhimurium, were found to disrupt endocytic vesicles, thereby exposing vacuolar luminal glycans to cytosolic galectins (-3, -8, and -9) , leading to the development of intracellular galectin aggregates near damaged vesicles. As a consequence, galectins have been designated as novel markers of vacuolar rupture (Aits et al. 2015) . Other strategies have been developed to identify lysosomal damage, such as the detection of lysosomal cathepsins in the cytosol using enzymatic activity assays (Aits et al. 2015) . We observed a mild but significant increase in cathepsin B enzymatic activity in digitonin-extracted cytosolic fractions after H. pylori infection ( Figure 2B ). This suggests that H. pylori ruptures a small portion of lysosomes or induces a low level of lysosomal leakage in infected cells. At any rate, we surmise that the host-glycandependent accumulation of galectin-8 around lysosomes provides strong evidence that H. pylori infection induces lysosomal damage, which in turn triggers galectin-8 aggregation.
Broken intracellular vesicles expose luminal glycans to the cytosolic milieu and thereby recruit galectins to these vesicles. By utilizing glycosylation inhibitors or cells with defects in glycosylation, several studies have implicated N-and O-glycans in galectin-3 aggregation upon bacterial invasion. Shigella infection fails to induce galectin-3 recruitment to internalized bacteria in CHO Lec1 cells lacking galactose-containing N-glycans (Paz et al. 2010 ). Kifunensine, a potent inhibitor of N-glycan processing, attenuates the accumulation of galectin-3 around intracellular L. monocytogenes (Weng et al. 2018) , while cells treated with BGN, an O-glycosylation inhibitor, showed reduced galectin-3-mediated recruitment of guanylate binding proteins (GBPs) to Yersinia pseudotuberculosis-containing vesicles (Feeley et al. 2017 ). Hence, both N-and O-glycans are crucial for galectin-3 aggregation in response to vacuolar damage. In contrast, the contribution of N-and O-glycans to intracellular galectin-8 aggregation has not previously been documented. In the present study, we found compared with incubation with an N-linked glycosylation inhibitor, incubation with an O-linked glycosylation inhibitor remarkably decreased galectin-8-recognizable glycans from treated cells ( Figure 2C ) and suppressed galectin-8 aggregation in H. pylori-challenged cells ( Figure 2D ). This implies that O-rather than N-glycans are critical for H. pylorimediated galectin-8 aggregation (Figure 7 ). Galectin-8 possesses two CRD domains; its N-and C-terminal CRD domains preferentially bind to α2-3-linked sialic acid and N-acetylgalactosamine, respectively (Hirabayashi et al. 2002) . Future investigation of terminal sialylation and galactosylation on N-and O-glycans in AGS cells may help clarify the differential requirement of these two types of glycans for galectin-8 aggregation upon H. pylori infection. Figure 1C . The quantification of galectin-8 puncta per cell from four independent experiments is shown in (B). Values represent means ± SD. Representative confocal images of cells infected for 8 h are shown in (C). Scale bar, 20 μm. *P < 0.05, **P < 0.01. Hp, H. pylori; ns, not significant.
During H. pylori infection, the accumulation of galectin-8 around damaged lysosomes promotes autophagy in infected cells ( Figure 3C and D) . This finding is consistent with that reported by Thurston et al. (2012) , who first showed that the recruitment of galectin-8 to ruptured endocytic vesicles activates autophagy. However, in contrast to their findings, we found a reciprocal Figure 1C . Scale bar, 20 μm. (B) Cells were infected with wild-type (WT) H. pylori NCTC 11637 or its VacA-knockout strain (moi = 200) for 8 h, and treated with 10 nM bafilomycin A1 at the last 2 h, followed by immunoblot analysis. The relative amounts of LC3-II are indicated. (C) Cells were infected as in (B). Cells and bacteria were stained as in Figure 1C . Scale bar, 20 μm. (D) Quantitative analysis of galectin-8 puncta per cell from four independent experiments as described in (C). Values represent means ± SD. **P < 0.01, ***P < 0.001. 3-MA, 3-methyladenine.
regulation between galectin-8 aggregation and autophagy. Our observations support a function for autophagy in enhancing galectin-8 aggregation ( Figure 4B and D) , whereas the results of Thurston et al. indicated that autophagy is dispensable for vacuolar damage-induced galectin-8 aggregation. In fact, studies have shown that under some circumstances, autophagy facilitates lysosomal destabilization (Gonzalez et al. 2012; Wang et al. 2015; HernandezTiedra et al. 2016; Yao et al. 2016; Liu et al. 2017; Wu et al. 2017) . If this is true for H. pylori-infected AGS cells, lysosomal damagemediated autophagy activation may accelerate the rate of lysosomal rupture through a feedback regulatory loop and result in a further increase in galectin-8 aggregation (Figure 7) .
VacA is known to activate autophagy (Terebiznik et al. 2009 ). Indeed, compared with wild-type H. pylori, we observed that VacAknockout derivatives elicited a reduced autophagy response ( Figure 6B ) in infected cells, and this was associated with a lower amount of galectin-8 aggregation ( Figure 6C and D) . Building on the present findings showing the reciprocal regulation of galectin-8 aggregation and autophagy in H. pylori-infected cells, we propose three possible mechanisms by which VacA affects galectin-8 aggregation. First, since VacA is a pore-forming toxin that may compromise the integrity of intracellular vesicles (Chitcholtan et al. 2008) , it may directly destabilize the lysosomal membrane (Figure 7 ). This in turn facilitates galectin-8 accumulation and autophagy activation in infected cells. Second, VacA may contribute to H. pylori-mediated galectin-8 aggregation through the upregulation of autophagy. When mitochondria are damaged, lysosome-mediated degradation of defective mitochondria enhances the activity of the intralysosomal Fenton reaction, leading to the increased generation of hydroxyl radicals, which may disrupt lysosomes (Terman et al. 2008) . VacA is known to impair mitochondrial function and reduce the mitochondrial membrane potential (Kimura et al. 1999 ). Therefore, a third possible mechanism is that VacA may promote lysosomal ruptureassociated galectin-8 accumulation by damaging mitochondria.
In addition to VacA, other H. pylori-derived factors may modulate autophagy activity in infected cells. For example, a secreted antigen, HP0175, from H. pylori was reported to promote autophagy in gastric epithelial cells (Halder et al. 2015) . Since H. pylori-mediated autophagy activation facilitates intracellular galectin-8 aggregation in infected cells ( Figure 4B and D) , HP0175 may also potentiate galectin-8 aggregation by upregulating autophagy in infected cells. Additionally, because both HP0175 and VacA instigate autophagy by enhancing endoplasmic reticulum (ER) stress (Halder et al. 2015; Zhu et al. 2017) , whether suppression of ER stress activity reduces autophagy-dependent galectin-8 aggregation in H. pylori-infected cells may warrant further study.
Several studies have revealed a change in galectin expression in AGS gastric epithelial cells in response to H. pylori exposure. mRNA levels of both galectin-1 and -3 have been shown to be upregulated in AGS cells stimulated with H. pylori (Lim et al. 2003) . At the protein level, galectin-3 is augmented after infection . Regarding galectin-8, an increase in mRNA levels ( Figure 1A ) but a small reduction in protein extent ( Figure 1B ) was observed at 24 h postinfection. Herein, we postulate two possible mechanisms to explain this phenomenon. First, increased galectin-3 secretion was suggested to decrease intracellular galectin-3 (Laiko et al. 2010) . Augmented galectin-8 secretion after H. pylori stimulation (Supplementary data, Figure S1A ) may therefore reduce intracellular galectin-8 in host cells. Second, during lysosomal destruction, galectin-3 was reported to translocate into damaged lysosomes, followed by degradation via autophagy machinery (Maejima et al. 2013 ). Thus, galectin-8 on leaky lysosomes in H. pylori-infected cells might be degraded in an autophagy-dependent manner as well, leading to intracellular galectin-8 depletion after infection.
Galectin-3 is known to be able to associate with H. pylori (Fowler et al. 2006) , and this interaction exhibits multiple effects on H. pylori, such as reduced bacterial growth (Park et al. 2016 ) and decreased adhesion to gastric epithelial cells . Since galectin-8 can bind H. pylori (Supplementary data, Figure S1B ), there is a great possibility that galectin-8 affects H. pylori viability and its adhesion to host cells as well. In addition to exerting these potential effects on H. pylori, extracellular galectin-8 was shown to activate immune cells. Galectin-8-treated dendritic cells display an activated phenotype and secrete more proinflammatory cytokines (Carabelli et al. 2017) . Hence, H. pylori-driven increase in galectin-8 secretion (Supplementary data, Figure S1A ) may contribute to H. pylori-induced gastric inflammation.
In conclusion, our study provides experimental evidence supporting an increase in lysosomal damage in gastric epithelial cells in response to H. pylori infection. While recognition of intracellular bacteria-mediated vacuolar destruction by galectins is wellillustrated (Chen et al. 2014) , our findings indicate that galectin-8 senses lysosomal rupture induced by a noninvasive bacterium, H. pylori. In addition to host O-glycans, autophagy is critical for the augmentation of intracellular galectin-8 aggregation during H. pylori infection. To our knowledge, the regulation of galectin-8 aggregation by autophagy is so far unrecognized. We also demonstrated an involvement of VacA in H. pylori-elicited galectin-8 aggregation and autophagy activation. Since H. pylori-mediated autophagy may favor the development of gastric cancer (Diaz et al. 2018) , our study also highlights a possible contribution of galectin-8 aggregation in H. pylori-infected gastric epithelial cells to gastric carcinogenesis.
Materials and methods
Cell culture and generation of NDP52 or galectin-8 knockdown cells AGS cells, a human gastric epithelial cell line, were cultured in RPMI medium containing 10% heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO 2 . Lentivirus-encoded shRNAs were obtained from National RNAi Core Facility, Academia Sinica, Taiwan. The target sequences of NDP52 shRNA and galectin-8 shRNA are 5′-GAGCTGCTTCAACTGAAAGAA-3′ and 5′-CCTGGAACTTTGATTGTGATA-3′, respectively. The target sequence of the negative-control luciferase shRNA (shLuc) is 5′-GCGGTTGCCAAGAGGTTCCAT-3′. To generate knockdown cells, AGS cells were incubated with shRNA-carrying lentivirus in the presence of polybrene (8 μg/mL) for 24 h, and infected cells were then selected by culture medium containing 2 μg/mL puromycin.
Generation of atg5 knockout cells by CRISPR-Cas9
To generate atg5 knockout AGS cells, CRISPR/Cas9-mediated genome editing technology was employed. All the CRISPR-related reagents, including the pAll-Cas9.pPuro expression vector, were derived from National RNAi Core Facility, Academia Sinica, Taiwan. Atg5 guide RNA (AACTTGTTTCACGCTATATC) was cloned into the sgRNA expressing vector (pAll-Cas9.pPuro). After transfection into AGS cells, cells were treated with puromycin (2 μg/mL) for 4 days and then subjected to a BD FACSAria III cell sorter (Becton Dickinson) for isolation and separation of single cells. Atg5 knockout in single-cell clones was checked by immunoblot analysis.
Bacterial growth and infection
Helicobacter pylori wild-type strain 26695 (ATCC 700392), H. pylori wild-type strain NCTC 11637 (ATCC 43504), and its VacAknockout mutant were used. H. pylori was cultured in brucella broth containing 10% FBS at 37°C under microaerophilic conditions. For infection, bacterial cells were harvested, resuspended in phosphate-buffered saline (PBS) and then added to AGS cells at the indicated multiplicity of infection (moi).
Quantitative PCR
Total RNA was extracted from AGS cells using Qiagen RNeasy Mini Kit according to the manufacturer's instructions. The cDNA was synthesized using iScript™ Reverse Transcription Supermix for RTqPCR (Bio-Rad). Quantitative PCR was performed using a TaqMan assay and analyzed by the Bio-Rad CFX connect Real-Time system. The primers for human galectin-8 were as follows: forward 5′-TGCA CCAAAATACCACCTATGA-3′ and reverse 5′-CACTTCTCCTTTAAC GACGACA-3′. The relative mRNA expression of each sample was normalized against glyceraldehyde 3-phosphate dehydrogenase mRNA expression.
Drug treatment
Bafilomycin A1 (Sigma) was dissolved in dimethyl sulfoxide (DMSO, Sigma) and used at 10 nM. 3-MA (Merck) was dissolved in cell culture medium and used at 5 mM.
Fluorescence microscopy
Cells (2.5×10 5 cells) were seeded overnight on coverslips in 24-well microtiter plates and then infected with H. pylori for indicated hours. After fixation with 4% paraformaldehyde (PFA) and subsequent permeabilization with 0.2% Triton X-100, cells were stained with anti-galectin-8 (R&D Systems), anti-EEA1 (Cell Signaling), anti-LAMP1 (Cell Signaling), anti-NDP52 (Abcam), and anti-LC3 (MBL) antibodies overnight at 4°C. After washing with PBS, cells were stained with Alexa Fluor-conjugated secondary antibodies and DAPI (4′, 6-diamidino-2-phenylindole) at room temperature for 1 h. Confocal images were captured by a Carl Zeiss LSM 700 laser scanning confocal microscope. The average number of galectin-8 puncta per cell was counted by using ImageJ software.
Immunoblot analysis
Cells were washed with PBS, and then lysed in lysis buffer (1% Triton X-100, 50 mM Tris at pH 7.4, 150 mM NaCl, 1 mM EDTA) supplemented with a protease inhibitor cocktail (Calbiochem). After centrifugation for 15 min at 15,000 rpm at 4°C, protein concentrations of the cell lysates were measured with Bio-Rad protein assay kit. Lysates were boiled in SDS-sample buffer, resolved in SDS polyacrylamide gel under reducing conditions, and transferred to PVDF membranes. The blots were incubated overnight at 4°C with primary antibodies, including anti-LC3 (Cell signaling), anti-atg5 (GeneTex), anti-NDP52 (Abcam), and anti-tubulin (Proteintech) antibodies, washed for three times, incubated with HRP-conjugated antibody for 1 h at room temperature, and then detected by ECL Prime Western Blotting Detection Reagent (Amersham). To enrich galectin proteins from cell lysates, 450 μg of cell lysates were incubated with lactosyl-Sepharose overnight at 4°C. Beads were then washed three times with lysis buffer and bound proteins were eluted with SDS-sample buffer. Following electrotransfer to PVDF membranes, anti-galectin-8 (Cusabio Biotech) and anti-galectin-3 (GeneTex) antibodies were used for detection. ELISA (enzyme-linked immunosorbent assay) for galectin-8
Lectin binding
96-well microplates were coated with an anti-galectin-8 capture antibody (R&D Systems) overnight at 4°C, washed with PBS containing 0.05% Tween 20, and blocked with assay diluent (eBioscience). The harvested culture supernatants were centrifuged at 350 ×g for 5 min and then added to precoated wells. After overnight incubation at 4°C, microplates were incubated with a biotinylated anti-galectin-8 detection antibody (R&D Systems) for 1 h at room temperature. After washing, microplates were incubated with avidin-linked horseradish peroxidase (BioLegend), followed with tetramethylbenzidine (TMB) substrate solution (BioLegend). The reaction was stopped by the addition of 1 M HCl, and the absorbance was measured at 450 nm by a Tecan Infinite M200 PRO plate reader.
Cathepsin B activity assay
After infection with H. pylori for 16 h, cells were washed and incubated with PBS containing 50 μg/mL digitonin for 15 min on ice.
The supernatants were collected as cytosolic fractions, and protein concentrations of the fractions were estimated with Bio-Rad protein assay kit. Cathepsin B activity was analyzed by a fluorometric assay kit (Biovision) according to the manufacturer's protocol. Equal amounts of cytosolic proteins from different samples were incubated with cathepsin B reaction buffer containing cathepsin B substrate Ac-RR-AFC at 37°C for 2 h. The fluorescence (excitation 400 nm/ emission 505 nm) was measured in a Tecan Infinite M200 PRO plate reader. Fold-increase in cathepsin B activity was determined by comparing the relative fluorescence units with the levels of uninfected samples after subtracting the levels of background samples (digitonin extraction buffer).
Statistical analysis
Prism 5 software was used for all statistical results. Data derived from at least three independent experimental repeats were shown as means ± SD. Student's t-test was used to determine the statistical differences between two groups. Analysis of multiple group data was performed by using one-way ANOVA. P-values < 0.05 indicate statistical significance.
Supplementary data
Supplementary data is available at Glycobiology online.
